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Abstract
The Swarm mission consists of three identical satellites equipped with GPS
receivers and orbiting in near-polar low Earth orbits. Thus, they can be
used to determine the Earth’s gravity field by means of high-low satellite-
to-satellite tracking (hl-SST). However, first results by several groups have
revealed systematic errors both in precise science orbits and resulting grav-
ity field solutions which are caused by ionospheric disturbances affecting the
quality of Swarm GPS observations. Looking at gravity field solutions, the
errors lead to systematic artefacts located in two bands north and south
of the geomagnetic equator. In order to reduce these artefacts, erroneous
GPS observations can be identified and rejected before orbit and gravity
field processing, but this may also lead to slight degradations of orbit and
low degree gravity field coeffcient quality. Since the problems were believed
to be receiver-specific, the GPS tracking loop bandwidths onboard Swarm
have been widened several times starting in May 2015. The influence of
these tracking loop updates on Swarm orbits and, particularly, gravity field
solutions is investigated in this work. The main findings are that the first
updates increasing the bandwidth from 0.25 Hz to 0.5 Hz help to significantly
improve the quality of Swarm gravity fields and that the improvements are
even larger than those achieved by GPS data rejection. It is also shown that
these improvements are indeed due to an improved quality of GPS observa-
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tions around the geomagnetic equator, and not due to missing observations
in these regions. As the ionospheric activity is rather low in the most recent
months, the effect of the tracking loop updates in summer 2016 cannot be
properly assessed yet. Nevertheless, the quality of Swarm gravity field solu-
tions has already improved after the first updates which is especially bene-
ficial in view of filling the upcoming gap between the GRACE and GRACE
Follow-on missions with hl-SST gravity products.
Keywords: Swarm; GPS high-low SST; Ionospheric scintillation; GPS
Tracking loop; Gravity field; Geomagnetic equator
1. Introduction
The Swarm mission, launched in November 2013 by the European Space
Agency (ESA) to primarily study the Earth’s magnetic field (Friis-Christensen
et al., 2008), consists of three identically built satellites each orbiting the
Earth in a near-polar low Earth orbit (LEO). As the satellites are equipped
with geodetic-quality Global Positioning System (GPS) receivers and star
cameras, the Swarm mission also serves as candidate for Earth gravity field
recovery by means of high-low satellite-to-satellite tracking (hl-SST). First
results indicate that Swarm-derived gravity field solutions are generally of
comparable quality w.r.t. corresponding hl-SST solutions derived from a
dedicated gravity field mission such as the Gravity Recovery and Climate
Experiment (GRACE) (Bezdeˇk et al., 2016; Ja¨ggi et al., 2016; Zehentner and
Mayer-Gu¨rr, 2016). However, there were also systematic deficiencies identi-
fied when processing GPS observations of the Swarm satellites. Swarm GPS
observations are affected by ionospheric scintillation (Buchert et al., 2015;
Sust et al., 2014), resulting in significantly larger carrier phase residuals of
both reduced-dynamic and kinematic Swarm precise science orbits over the
geomagnetic poles and around the geomagnetic equator (van den IJssel et al.,
2015). It should be noted that kinematic orbits are more sensitive to errors
in GPS observation data than reduced-dynamic orbits. Ja¨ggi et al. (2016)
confirmed this clear geographical dependency for the kinematic orbit solu-
tions processed at AIUB and showed that in particular the problems around
the geomagnetic equator are propagated into Swarm gravity field solutions
when these kinematic orbit positions are used as pseudo-observations. The
magnitude of these systematic errors varies depending on the ionospheric ac-
tivity. Similar deficiencies were already observed for the GOCE mission by
2
  
Ja¨ggi et al. (2015) who applied a data screening on the level of GPS obser-
vations in order to get rid of such systematic errors. The same kind of data
screening has been adapted for Swarm by Ja¨ggi et al. (2016) resulting in a
significant decrease of the errors around the geomagnetic equator. However,
by applying this method the errors did not fully vanish in all months on the
one hand and additional long wavelength errors in the gravity field solutions
could be introduced on the other.
In order to improve the quality and number of tracked GPS observa-
tions, several modifications regarding the GPS receiver settings onboard the
Swarm satellites have been implemented during the mission. In particular,
the tracking loop settings have been modified to achieve more robustness
against ionospheric scintillation. A first analysis already showed a positive
impact of the first tracking loop updates on the Swarm orbits (van den IJssel
et al., 2016). In another study, focusing on the total loss of GPS signals,
Xiong et al. (2016) also observed improvements after the first tracking loop
update, but could only analyze a relatively short time span making it dif-
ficult to separate a possible positive influence of the modified tracking loop
settings from improvements caused by less ionospheric activity during that
period.
The focus of this work is on the influence of the tracking loop modifications
on Swarm gravity field solutions. First, the impact of the ionosphere on GPS
observations and precise LEO orbits derived thereof is recalled in Section 2.
Section 3 gives an overview of the modifications that were applied to the
Swarm GPS receivers, in particular of the different tracking loop settings
and how their influence on Swarm gravity field solutions can be assessed. In
Section 4, results are presented and discussed.
2. Impact of the ionosphere on GPS signals
The propagation of a microwave signal of frequency f transmitted by
GPS satellites is dispersively affected by the free electrons in the Earth’s
ionosphere:
∆ρion = ±CX
2
Ef−2 +O(f−3) (1)
where ∆ρion is the path delay due to the ionosphere, CX/2 ≈ 40 m3s−2 is
a constant and E =
∫
Ne(ρ)dρ is the line-of-sight total electron content
(TEC), obtained by integrating the electron density Ne along the ray path.
The negative sign in Eq. (1) refers to the phase advance of the carrier phase
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observations, the positive sign to the group delay of the code observations,
respectively. As GPS satellites transmit microwave signals at two frequencies
(f1 = 1575.42 MHz and f2 = 1227.60 MHz), an ionosphere-free linear combi-
nation Lif = (f
2
1L1−f 22L2)/(f 21 −f 22 ) of the two original carrier phase obser-
vations L1 and L2 can be used in order to eliminate the ionospheric refraction
proportional to f−2. The terms O(f−3) are called higher-order ionospheric
(HOI) corrections. They are not eliminated by forming Lif . Their modeling
requires the knowledge of the electron density and the magnetic field along
the ray path (Hoque and Jakowski, 2008). All orbit and gravity field solu-
tions presented in this work are obtained by using only Lif . In Ja¨ggi et al.
(2015) some attempts were made to mitigate ionosphere-induced problems
in precise orbit determination (POD) of the GOCE satellite by means of
HOI modeling, but the success was marginal. Thus, no HOI corrections are
taken into account in this work. As another error source, irregularities in the
spatial distribution of Ne can cause temporal fluctuations in intensity and
phase of the received GPS signal. This effect is known as ionospheric scintil-
lation and is not necessarily eliminated by Lif (van den IJssel et al., 2016).
It mainly occurs around the equator, where both intensity and phase fluctu-
ations are present, and in polar regions, where rather phase fluctuations are
the dominant type of scintillation. In equatorial regions, more precisely along
two bands north and south of the geomagnetic equator, ionospheric scintil-
lation mostly occurs after local sunset (Basu et al., 2002). Furthermore, its
occurence and intensity also depends on geomagnetic activity and has a sea-
sonal component as well. Fig. 1 (left) shows Swarm-A carrier phase residuals
of two days with comparable orbit-Sun geometry (day 2015/111: local time
of ascending arc ∼ 17 h, day 2015/233: local time of descending arc ∼ 18 h),
but with substantially different mean TEC in the Earth’s ionosphere, see
Fig. 1 (right). It can be seen that residuals are largest near the poles and
also large in equatorial regions, and they are systematically smaller on day
2015/233, when the ionospheric activity is relatively low. This strongly sug-
gests that systematic deficiencies in Swarm precise science orbits (van den
IJssel et al., 2015; Ja¨ggi et al., 2016) and gravity field solutions (Ja¨ggi et al.,
2016) are caused by ionospheric scintillation.
The dynamics of the ionosphere can be directly derived from the GPS data
by forming the so-called geometry-free linear combination Lgf = L1 − L2,
which, up to a carrier phase ambiguity, corresponds to the ionospheric re-
fraction. A closer look into polar and equatorial regions reveals that the
nature of corresponding ionospheric disturbances occuring there is differ-
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ent. This can be seen by analyzing the time derivative of the geometry-free
linear-combination dLgf/dt characterizing the rate of change of ionospheric
refraction. Fig. 2 (left) shows dLgf/dt computed from the observations of
the Swarm-A receiver to one GPS satellite (PRN05) during 15.6 minutes of
a polar pass (from latitudes −60.0◦ to −87.4◦ back to −60.0◦). From minute
1304 (φ = −76.2◦) onwards the ionospheric refraction shows massive high-
frequency variations, most probably caused by scintillation, resulting in a
higher noise also in the Lif phase residuals. Such passes are very common
for GPS observations gathered by spaceborne receivers at high latitudes and
have been observed e.g. for the GOCE mission (Bock et al., 2014; Ja¨ggi
et al., 2015). Fig. 2 (right) shows the daily RMS values of dLgf/dt for all
Swarm satellites for polar passes. Note the clear correlation with the daily
mean TEC in Fig. 1 (right). In Fig. 3 (right), the highpass-filtered part of
the geographically binned RMS of dLgf/dt over the months November and
December 2014 is plotted showing that such high-frequency variations are
mainly present in polar regions. In equatorial regions, these scintillation-like
features are much less pronounced and the more important phenomena are
slower variations of dLgf/dt with larger amplitudes. In contrast to polar ar-
eas, the variations of dLgf/dt do not coincide with a notably increased noise
in the Lif phase residuals here. This is illustrated in Fig. 4 (left) showing
an equatorial pass (from 30.0◦ to −30.0◦) for Swarm-A. Around latitudes
φ = 8◦ and φ = −18◦ the difference between a reduced-dynamic and the
kinematic orbit shows short deviations of several centimeters. Due to the
stiffness of the reduced-dynamic orbit (6 minutes piecewise constant empiri-
cal accelerations were set up), these deviations have to be attributed to the
kinematic orbit and will be subsequently mapped into a gravity field solu-
tion recovered from these kinematic positions. However, when using orbit
positions as pseudo-observations for gravity field recovery, it is advisable to
use a kinematic rather than a reduced-dynamic orbit as the latter inherently
contains a priori information of the gravity field and other dynamic forces
that tends to bias the estimated solution. Daily RMS values of dLgf/dt for
all Swarm satellites for equatorial passes are shown in Fig. 4 (right). The
values of the full signal are larger compared to those for polar passes shown
in Fig. 2 (right) which is also confirmed by Fig. 3 (left) in the spatial domain.
A rather crude, but proven method for the mitigation of ionosphere-
induced problems of orbits and gravity fields is the simple omission of GPS
observations with dLgf/dt exceeding a certain threshold (see Ja¨ggi et al.
(2016) for more details). While for GOCE, a suitable threshold was found to
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be 5 cm/s (Ja¨ggi et al., 2015), a more stringent value of 2 cm/s had to be ap-
plied for Swarm (Ja¨ggi et al., 2016) indicating that the GPS receivers onboard
Swarm were initially more sensitive to ionospheric disturbances than the one
onboard GOCE. Depending on seasonal variations in the mean TEC, this can
lead to approx. 10 % of maximum discarded Swarm GPS observations per
day. Although the systematic features around the geomagnetic equator are
significantly reduced in the resulting gravity field solutions, they do not fully
disappear in periods with high ionospheric activity. Further drawbacks are
slightly larger residuals of independent orbit validation by means of Satellite
Laser Ranging (SLR) and a degradation of the very low degrees of certain
gravity field solutions. This is most probably caused by a number of weakly
determined kinematic orbit positions due to too many missing observations
after the data screening.
Generally, the effect of ionospheric scintillation on space-borne GPS ob-
servations also depends on the specific architecture of a GPS receiver (van
den IJssel et al., 2016). For instance, hl-SST orbits and gravity fields derived
from GPS observations of the GRACE mission are not, or at least very much
reduced, affected by ionosphere-induced features (Ja¨ggi et al., 2016). By an-
alyzing the number of missing GPS observations (i.e. a GPS satellite has
not been observed on both frequencies at a particular epoch) during March
2014, it becomes clear that the Swarm and GRACE GPS receivers behave
differently under similar ionospheric conditions (see Ja¨ggi et al., 2016, Fig.
14). During that period, the ascending arcs of GRACE and the descending
arcs of Swarm-A passed the equator in the evening hours and the TEC was
relatively high (38 to 44 TECU). While the Swarm-A receiver shows almost
no missing observations, the GRACE-B receiver skips a significant number
of observations along the geomagnetic equator. Assuming that these miss-
ing observations are correlated with ionospheric disturbances, this explains
why spurious signals along the geomagnetic equator are not propagated from
kinematic orbits into gravity field solutions in case of GRACE.
3. Swarm GPS receiver modifications
During the Swarm mission, the settings of the three satellites’ GPS re-
ceivers have been modified several times in order to improve the GPS track-
ing performance. All modifications and their dates (up to autumn 2016) are
summarized in Table 1 from which it becomes obvious that two different kind
of modifications have been commanded: 1) changes in the antenna field of
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Figure 1: Left: carrier phase residuals of kinematic Swarm-A POD for days 2015/111
(April 21st, 2015) and 2015/233 (August 21st, 2015). Right: daily mean TEC as derived
by the Center for Orbit Determination in Europe (CODE). The two vertical lines mark
the days 2015/111 and 2015/233, the period with grey background matches the period
shown in Fig. 2 (right). 1 TECU ≡ 1016 electrons/m2.
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Figure 2: Left: dLgf/dt (red), Lif carrier phase residuals of kinematic POD (green)
and geographical latitude (black) for Swarm-A passing the south pole on day 2014/353
(December 19th, 2014). Right: daily RMS of dLgf/dt over all GPS satellites for polar
passes (|φ| > 60◦) in the year 2015.
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Figure 3: Geographically binned RMS of dLgf/dt for Swarm-A. Left: full signal. Right:
highpass-filtered signal (a Gauss filter of width 100 s was used to filter each pass).
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view (FoV), i.e. a reduction of the elevation mask, and 2) changes in the
receiver tracking loop settings.
The former had the intention to increase the number of simultaneously
tracked GPS satellites. As each of the Swarm GPS receivers has only eight
channels, this number is already limited compared to other LEO satellites,
and in connection with the originally implemented FoV of 80◦, the maximum
number of eight GPS satellites tracked was reached only during 50 % of the
time (van den IJssel et al., 2016). The antenna FoV modifications are not
directly related to the aforementioned problems caused by ionospheric dis-
turbances and thus are not investigated in this work. However, it should be
noted that the empirical GPS antenna phase center variations (PCVs) for
Swarm as described in Ja¨ggi et al. (2016) needed to be recomputed in order
to achieve highest possible accuracy also for the most recent periods with an
enlarged antenna FoV.
The focus in this work is on the latter kind of modification, i.e. changes
in the tracking loop settings, as these were primarily intended to improve
the robustness of GPS tracking in difficult environmental situations caused
by ionospheric scintillation1. Generally, a GPS receiver’s bandwidth should
be wide enough to accommodate not only usual changes in Doppler shift
of the phase signals, but also phase fluctuations during periods of intense
amplitude and phase scintillation. If this is not the case, an increase in the
loss of GPS data and cycle slips due to effects of ionospheric scintillation
could be expected.
Table 1 also shows that the modifications were done stepwise and not
simultaneously for all three satellites. Regarding the tracking loop settings,
the original bandwidth was set to 0.25 Hz and has been widened in steps
of 0.25 Hz. Currently (in autumn 2016), the largest bandwidth is 1 Hz for
Swarm-C. Updates were always implemented first on Swarm-C and then after
a few weeks or even months passed, the same updates were also applied for
Swarm-A and (so far only in case of the first update) also for Swarm-B. Thus,
there are certain periods where Swarm-A and -C have different tracking loop
settings, but identical GPS receiver settings apart from that. As these two
Swarm satellites fly around the Earth close-by to each other in virtually the
same orbits, a comparison of their individual results should reflect a possible
1https://earth.esa.int/web/guest/missions/esa-operational-eo-missions/swarm/news/-
/asset publisher/K3vp2LwLXSrF/content/swarm-gpsr-update-may-2015
9
  
Table 1: Overview of Swarm GPS receiver modifications.
Date Satellite Modification
2014/10/21 Swarm-A Antenna FoV: 80◦ → 83◦
2014/10/22 Swarm-B Antenna FoV: 80◦ → 83◦
Swarm-C Antenna FoV: 80◦ → 83◦
2014/12/01 Swarm-C Antenna FoV: 83◦ → 86◦
2015/01/13 Swarm-C Antenna FoV: 86◦ → 88◦
2015/05/06 Swarm-A Antenna FoV: 83◦ → 88◦
Swarm-B Antenna FoV: 83◦ → 88◦
Swarm-C L1 TL
a bandwidth: 10 Hz → 15 Hz
L2 TL bandwidth: 0.25 Hz → 0.5 Hz
2015/10/08 Swarm-A L1 TL bandwidth: 10 Hz → 15 Hz
L2 TL bandwidth: 0.25 Hz → 0.5 Hz
2015/10/10 Swarm-B L1 TL bandwidth: 10 Hz → 15 Hz
L2 TL bandwidth: 0.25 Hz → 0.5 Hz
2016/06/23 Swarm-C L2 TL bandwidth: 0.5 Hz → 0.75 Hz
2016/08/11 Swarm-A L2 TL bandwidth: 0.5 Hz → 0.75 Hz
Swarm-C L2 TL bandwidth: 0.75 Hz → 1 Hz
a tracking loop
influence of the tracking loop updates. This is done in the next section.
4. Results
The Swarm gravity field solutions presented in this section are computed
using the Celestial Mechanics Approach (Beutler et al., 2010) following the
method by Ja¨ggi et al. (2011a). Kinematic Swarm orbits, required as pseudo-
observations, have been computed at AIUB using the same processing strat-
egy as described in Ja¨ggi et al. (2016) execpt for the updated antenna PCVs
mentioned in Section 3. Two versions of kinematic orbits have been gener-
ated: For the first, all available GPS observations as provided by ESA in the
official Level-1 product have been used (labelled as “original” in the follow-
ing), whereas for the second version, an additional data screening as men-
tioned in Section 2 has been applied before the POD (labelled as “screened”
in the following). Consequently, also two versions of gravity field solutions
10
  
have been generated, based on either of the two orbit versions. The process-
ing details regarding gravity field determination are the same as outlined in
Ja¨ggi et al. (2016) except for the following differences: The static part of
the AIUB-GRACE03S model (Ja¨ggi et al., 2011b) is now used up to degree
and order 90 as a priori background model for the gravity field, EOT11a
(Savcenko and Bosch, 2012) is now used as ocean tide background model,
and additional background models for non-tidal short-term variations in at-
mosphere and oceans (AOD1B; Dobslaw et al., 2013) and ocean pole tide
(model by Desai; Petit and Luzum, 2010) have been added.
In Fig. 5, the standard deviation of the carrier phase residuals of the kine-
matic POD (“original” orbits) for Swarm-A, -B and -C is plotted giving an
impression of the quality of kinematic positions. It can be seen that after the
three satellites were placed in their dedicated orbits (around end of March
2014), Swarm-B flying at a higher altitude has a systematically smaller stan-
dard deviation whereas Swarm-A and -C show more or less the same values
when looking at monthly averages. This situation suddenly changes in May
2015, i.e. right after the first tracking loop update from 0.25 Hz to 0.5 Hz
only on Swarm-C, and the standard deviations are now significantly smaller
for this satellite compared to the co-orbiting Swarm-A and even smaller than
for Swarm-B. After October 2015, when the tracking loop settings on Swarm-
A and -B were also updated to the same bandwidth again as for Swarm-C,
the same situation as before the first updates can be observed. The further
tracking loop changes on Swarm-C and -A in June and August 2016, respec-
tively, do not cause likewise detectable features. In a more detailed analysis,
the carrier phase residuals are analyzed separately in polar and equatorial
regions. Fig. 6 shows that the first tracking loop changes mainly decrease the
carrier phase residuals at high latitudes (compare Swarm-A and -C between
days 126 and 281). Around the equator, there is no visible effect that can
be apparently related to tracking loop updates. This is unsurprising though,
since ionosphere-induced systematic effects in these regions do not necessarily
come along with larger carrier phase residuals, as already mentioned earlier
in Section 2, Fig. 4 (left).
However, the updated tracking loop settings are also able to substantially
reduce the artifacts along the geomagnetic equator as can be seen by looking
at monthly gravity field solutions for June 2015 (the first complete month
with updated settings on Swarm-C and the original settings on Swarm-A
and -B). This is illustrated in Fig. 7 showing geoid height maps of individual
monthly Swarm-A and -C solutions both for the “original” and “screened”
11
  
case. The geoid variations are relative to the GOCO05s model (Mayer-Gu¨rr
et al., 2015), the time-variable linear trends of which have been evaluated at
the epoch 2014/09/01, and Gaussian smoothing with 400 km radius is ap-
plied. Looking at the “original” solutions, one can see a more pronounced
pattern of the geomagnetic equator for Swarm-A. The “screened” solutions
are better than the “original” ones for both Swarm-A and -C. Yet it has
to be noted that the “screened” Swarm-A solution is still worse than the
“original” Swarm-C solution which is reflected by the unlikely physically
meaningful geoid anomalies in the Sahara as well as a larger global weighted
root mean square (wRMS) value. It has to be mentioned that this obvious
improvement due to the tracking loop update on Swarm-C is not related
to an increased number of missing GPS observations as already reported
for GRACE in Section 2. The number and spatial distribution of missing
observations in June 2015 for Swarm-A and -C is shown in Fig. 8. As no sys-
tematic differences are visible, the conclusion is that the GPS data collected
in equatorial regions is corrupted prior to the first tracking loop update.
One might of course argue that 400 km Gaussian smoothing is too optimistic
for monthly Swarm gravity field solutions and the shown effects are smaller
than the overall noise level, but the same conclusions can still be drawn even
when a relatively strong Gaussian smoothing with 750 km radius is applied
(Fig. 9). The latter roughly corresponds to the spatial resolution of 1666 km
up to which monthly Swarm solutions are able to describe time-variable grav-
ity signals comparable to monthly GRACE K-Band solutions (Encarnac¸a˜o
et al., 2016). Note that the C20 coefficient (describing the Earth’s flattening)
of the solutions shown in Fig. 9 has been replaced by the SLR-derived value
provided in GRACE Technical Note 07 (Cheng and Ries, 2016) as the error
of this coefficient would otherwise dominate the geoid plots.
Table 2 lists the global wRMS values after 400 km Gaussian smoothing of
the individual “original” and “screened” solutions for Swarm-A and -C as well
as quantities derived thereof and the averaged mean TEC over one month
as indicator for the ionospheric activity for the 17 months from March 2015
till July 2016. First of all, a clear correlation between the size of the mean
TEC and the size of the wRMS, in particular of the “original” solutions, can
be seen. Furthermore, the data screening effectively helps to improve those
gravity field solutions where the initial tracking loop bandwidth of 0.25 Hz is
active and the mean TEC is relatively high at the same time. This is illus-
trated by the values for the relative change of the “screened” solutions w.r.t.
to the corresponding “original” solution which show clear improvements of
12
  
double-digit %-numbers for both Swarm-A and -C during the period March
till May 2015 when the mean TEC is 24 TECU or higher. In the period
June till September 2015, the mean TEC decreased below 20 TECU and
additionally, the tracking loop settings are different now for Swarm-A and
-C. For Swarm-A with the initial bandwidth, the data screening yields still
improvements of 6 to 13 %, whereas for Swarm-C with a wider bandwidth
of 0.5 Hz, the wRMS values of the “original” and “screened” solutions be-
come much closer to each other and the “screened” solution is not always
the better one. This more or less random behavior of the relative change due
to the data screening is also the case for all solutions after September 2015
for both satellites. As a conclusion, it can be stated that the effect of GPS
data screening has become much less significant after the first tracking loop
update, i.e. the quality of Swarm gravity field solutions does not depend as
strongly as before on using either “original” or “screened” kinematic orbits.
However, this statement might not be valid anymore in case the ionospheric
activity increases again in the future e.g. when the satellites’ altitude has
become lower. Another indication for the positive impact of the first tracking
loop update on gravity field recovery is the agreement between the individ-
ual single-satellite solutions in one particular month. As such a measure,
Table 2 shows the absolute differences between the wRMS values of the best
(i.e. either “original” or “screened”) Swarm-A and -C solution. In months
with identical tracking loop settings on both satellites, this minimum abso-
lute difference is 2.1 mm and 0.7 mm in March and April 2015, respectively,
when the mean TEC is high and the solutions are generally worse, but is re-
markably low (not larger than 0.5 mm) in the period November 2015 till May
2016. For the months June till September 2015 with different tracking loop
settings, the minimum absolute difference has its overall maximumn value of
more than 5 mm in June 2015 and is approx. 1 mm in the other three months,
although the mean TEC is comparable to the period November 2015 till May
2016. During these four months, it is always a Swarm-C solution showing
the smallest wRMS and thus the “original” Swarm-C solution performs al-
ways better than the “screened” Swarm-A solution which clearly supports the
conclusion that Swarm gravity fields benefit from the updated tracking loop
bandwidth of 0.5 Hz. As before, no influence of the tracking loop update on
Swarm-C in June 2016 is visible, but the mean TEC during this month is ex-
tremely low with approx. 10 TECU. Closing the discussion of Table 2, it has
to be mentionend that most findings could also be derived from the wRMS
values of the more appropriately smoothed solutions with 750 km Gaussian
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filter radius (not shown). Yet, due to the much stronger smoothing of the
solutions, e.g. the differences between the values for the minimum absolute
differences become less pronounced and the different behavior of Swarm-A
and -C in the period July till September 2015 as described above cannot be
detected anymore.
A similar picture can be drawn by analyzing the gravity field solutions in
the spectral domain, i.e. by means of difference degree amplitudes w.r.t. a
state-of-the-art static gravity field model (again, GOCO05s is used here). As
long as the original tracking loop settings have been active, Swarm-A and -C
“original” solutions look very similar. When the data screening is applied, the
difference degree amplitudes for both satellites become significantly smaller
already for relatively low degrees (approx. around degree n = 15). Since
smaller differences w.r.t. to a much more accurate reference model indicate
a better signal-to-noise ratio of the solution to be compared, this is another
confirmation that improvements can be obtained by the data screening. A
typical example for this case is March 2015 shown in Fig. 10 (top left). In
the period between the first update on Swarm-C until the first update on
Swarm-A, Swarm-C solutions always perform better. Furthermore, during
this whole period, the effect of modified tracking loop settings exceeds the
effect of the GPS data screening, at least with the applied screening criterion
of dLgf/dt > 2 cm/s. In June 2015 (Fig. 10, top middle), the data screening
has rather little impact on the solutions for both Swarm-A and -C whereas,
e.g., in September 2015 (Fig. 10, top right), this is only true for Swarm-C
with the increased tracking loop bandwidth. For Swarm-A with the original
bandwidth, the data screening improves the solution, but still does not reach
the “original” Swarm-C solution. After October 2015, when also Swarm-
A has an increased bandwidth, Swarm-A and -C solutions perform always
similar to a very large extent. As already the case for Swarm-C since June
2015, the data screening does not have any significant influence on the de-
gree amplitudes. Representing this period, Fig. 10 (bottom left) shows the
solutions for March 2016. In order to investigate a possible influence of the
tracking loop updates on 2016/06/23 and 2016/08/11, solutions for the pe-
riods 2016/06/24 till 2016/08/10 (Fig. 10, bottom middle) and 2016/08/12
till 2016/09/10 (Fig. 10, bottom right) have been generated. During these
periods, Swarm-A and -C have different tracking loop settings again, but this
further increase of the bandwidths does not affect the gravity field solutions.
Based on the results presented so far in this section, it can be concluded
that the effect of widening the tracking loop bandwidth from originally
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0.25 Hz to 0.5 Hz is clearly detectable and generally beneficial for Swarm
gravity field recovery. This is also indicated by the time series of monthly
equivalent water height (EWH) averages for the Amazon basin which is an
example for a typical scientific application of monthly Swarm gravity field
solutions, in particular in absence of the GRACE mission or its successor
GRACE Follow-on (GRACE-FO, Flechtner et al. (2016)). Fig. 11 shows the
comparison between one of the dedicated GRACE K-Band solutions, GFZ
RL05a (Dahle et al., 2012), and the combined solution from Swarm-A, -B
and -C processed at AIUB. It can be seen that the Swarm time series gen-
erally matches quite well with GRACE, but looks noisier during the first
part of the mission. Yet, improvements are clearly visible in recent months
where the fit between Swarm and GRACE looks remarkably well now. These
improvements start in mid of 2015 exactly coinciding with the first tracking
loop update. However, the ionospheric activity has decreased as well in the
same period (Fig. 1, right) which could also be the reason for obtaining bet-
ter results. Thus, a more meaningful conclusion about the influence of the
tracking loop settings could only be made by analyzing longer time series
hoping that periods with different tracking loop bandwidths, but compara-
ble ionospheric properties and orbit geometry are available. The relatively
low ionospheric activity in recent months could also explain why the tracking
loop updates to 0.75 Hz and 1 Hz are not visible so far. Further analysis of
results in the upcoming ionosphere season with increased activity is required
to draw a final conclusion for this question.
5. Summary
GPS-based LEO POD and subsequent hl-SST gravity field recovery can
be significantly affected by ionospheric disturbances, even when using the
ionosphere-free linear combination Lif . Here, orbits and gravity field solu-
tions based on GPS data of the Swarm mission are investigated. Particularly
in the first approx. 18 months of the mission, kinematic orbits of the Swarm
satellites show deficiencies in both polar regions and around the geomag-
netic equator. By analyzing the first time derivative of the geometry-free
linear combination Lgf , it is shown that different mechanisms act in these
two regions. At high latitudes, mainly high-frequency scintillation-like fea-
tures occur resulting in larger carrier phase residuals. Equatorial crossings
are rather characterized by large, but deterministic changes of dLgf/dt which
are not reflected by larger residuals, but cause systematic biases in the kine-
15
  Table 2: Global wRMS values of monthly geoid variations [mm] (after 400 km Gaussian smoothing)
w.r.t. GOCO05s for Swarm-A and -C “original” (wRMS
A/C
ori ) and “screened” (wRMS
A/C
scr ) solutions
and their relative change (RC)a in %, the minimum absolute differences (|∆|min)b between Swarm-A
and -C wRMS values and the daily mean TEC values [TECU] shown in Fig. 1 (right) averaged over
one month.
Month Swarm-A Swarm-C |∆|min average identical
wRMSAori wRMS
A
scr RC
A wRMSCori wRMS
C
scr RC
C mean TEC TL settings
2015/03 27.3 15.6 -42.9 28.2 13.5 -52.1 2.1 31.5 yes
2015/04 25.3 14.4 -43.1 28.2 15.1 -46.5 0.7 32.1 yes
2015/05 20.8 13.5 -35.1 15.8 11.5 -27.2 2.0 24.5 partlyc
2015/06 15.7 14.7 -6.4 10.1 9.5 -5.9 5.2 19.0 no
2015/07 10.7 10.0 -6.5 9.0 9.0 0 1.0 16.7 no
2015/08 11.4 10.4 -8.8 9.5 9.7 2.1 0.9 15.5 no
2015/09 14.8 12.8 -13.5 11.4 11.9 4.3 1.4 16.9 no
2015/10 13.2 13.0 -1.5 12.3 12.6 2.4 0.7 21.2 partlyc
2015/11 11.2 10.7 -4.5 11.3 11.1 -1.8 0.4 22.5 yes
2015/12 10.7 11.1 3.7 10.7 11.2 4.7 0 19.6 yes
2016/01 10.5 10.7 1.9 10.5 10.5 0 0 17.9 yes
2016/02 12.8 14.4 12.5 13.0 14.1 8.5 0.2 20.2 yes
2016/03 11.2 11.5 2.7 11.2 11.1 -0.9 0.1 19.8 yes
2016/04 9.2 9.3 1.1 8.8 8.9 1.1 0.4 16.2 yes
2016/05 8.6 8.7 1.2 8.1 8.3 2.5 0.5 14.0 yes
2016/06 8.4 8.6 2.4 8.5 8.5 0 0.1 10.7 partlyc
2016/07 7.5 7.5 0 7.5 7.6 1.3 0 10.4 no
a RCA/C = (wRMS
A/C
scr − wRMSA/Cori )/wRMSA/Cori
b |∆|min = |min(wRMSAori,wRMSAscr)−min(wRMSCori,wRMSCscr)|
c see Table 1
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Figure 5: Standard deviation of carrier phase residuals of kinematic POD (“original”
orbits) of SWARM-A, -B and -C. Small dots represent daily values, larger circles are
monthly averages of the daily values.
17
  
Figure 6: Daily RMS values of Lif carrier phase residuals of kinematic POD for polar
(top) and equatorial (bottom) passes. The three vertical lines indicate the days on which
the tracking loop updates occurred.
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Figure 7: Geoid height variations w.r.t. GOCO05s of Swarm-A (left) and Swarm-C (right)
individual monthly gravity field solutions for June 2015 based on “original” (top) and
“screened” (bottom) kinematic orbits. Gaussian smoothing with 400 km radius is applied.
Figure 8: Number of missing GPS observations for Swarm-A (left) and Swarm-C (right)
in June 2015.
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Figure 9: Same as Fig. 7, but with Gaussian smoothing with 750 km radius and C20
replaced.
matic orbit positions. The latter are mapped into gravity fields recovered
from these kinematic orbits, whereas no degradation of gravity field solutions
around the poles becomes visible. One possible explanation for these differ-
ent mechanisms could be the distinction between diffractive and refractive
scintillation; in equatorial regions the former kind is predominantly whereas
in polar regions it is rather the latter kind (Sust et al., 2014). A thorough
investigation would have exceeded the scope of this manuscript and further
research is required to better understand this and other remaining questions
like how are GPS phase measurements affected by different types of iono-
spheric disturbances and how can the related systematic errors be removed
by adjusting receiver settings such as the tracking loop bandwidth.
In a first, data-driven attempt to mitigate these ionosphere-induced prob-
lems, the GPS observations are screened by simply omitting any observa-
tion where dLgf/dt exceeds a threshold of 2 cm/s. Results based on this
“screened” data show less pronounced systematic artefacts around the geo-
magnetic equator, but some systematic errors can still remain in the gravity
solutions and the effectiveness of the data screening also depends on the
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Figure 10: Degree amplitudes (in geoid height [m]) w.r.t. GOCO05s of Swarm-A/-
C “original”/“screened” individual monthly gravity field solutions for March 2015 (top
left), June 2015 (middle left), September 2015 (bottom left), March 2016 (top right),
June/July/August 2016 (middle right) and August/September 2016 (bottom right).
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Figure 11: Basin average time series for the Amazon basin in terms of EWH [cm] for
combined Swarm-A, -B, -C solutions based on “screened” GPS data and the GFZ RL05a
GRACE solutions (Gaussian smoothing with 750 km radius is applied and C20 is replaced
for both time series). Note that some months are missing in the GRACE time series.
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ionospheric activity. Additionally, further drawbacks of this method are:
“screened” orbits perform slightly worse in SLR orbit validation and the
very low degrees of the gravity solutions, which are on the other hand the
ones of most interest, can be degraded as well.
Since receiver-specific tracking problems were considered to be the main
cause of the degradations, the GPS tracking loop bandwidths onboard Swarm
have been increased stepwise starting in May 2015 on Swarm-C. By compar-
ing gravity field results from the co-orbiting Swarm-A and -C satellites when
both spacecrafts have different tracking loop settings, it becomes obvious
that the first tracking loop update from 0.25 Hz to 0.5 Hz for L2 helps to
substantially improve Swarm gravity field solutions. This can be seen in the
spatial domain, where the traces of the geomagnetic equator in the gravity
field solutions are reduced, as well as in the spectral domain, where the dif-
ference degree amplitudes w.r.t. a static gravity field model decrease. These
improvements are not related to missing GPS observations around the ge-
omagnetic equator leading to the conclusion that parts of the Swarm GPS
data gathered over this region are indeed corrupted as long as the tracking
loop bandwidths are set to their original values. It can be concluded as well
that the effect of the tracking loop settings exceeds the effect of the GPS
data screening. The tracking loop bandwidth increase to 0.5 Hz also results
in smaller Lif residual noise at high latitudes. This might be in particular
beneficial for space baselines determined for orbit and gravity field compu-
tations. The further tracking loop updates to bandwidths > 0.5 Hz do not
show any additional improvements so far. However, since the times they were
implemented, the ionospheric activity has been relatively low and a possible
impact on Swarm precise science orbits and gravity field solutions needs to be
investigated as soon as a long enough period with higher ionospheric activity
is available. For that reason, ESA has decided to keep the current settings
for a longer period (J. van den IJssel, personal communication).
Summarizing, it can be stated that Swarm POD and hl-SST gravity field
recovery after October 2015, when all three satellites’ tracking loop band-
widths are set to 0.5 Hz or larger, clearly benefits from these updates making
additional GPS data screening less critical at least under the condition of
relatively low ionospheric activity as currently present. This is of particular
relevance for the geodetic community, as Swarm hl-SST solutions thus might
contribute even better to fill the gap between the dedicated gravity field mis-
sions GRACE and GRACE-FO. Vice versa, when processing Swarm data
before October 2015, GPS data screening remains mandatory to obtain best
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possible results. By applying an optimized screening threshold taking both
ionospheric activity and tracking loop settings into account, the aforemen-
tioned drawbacks of the screening might vanish and the gravity solutions
might be further improved, but this is beyond the scope of this work and
subject to future investigation.
The Swarm kinematic orbits denoted as “original” in this work are avail-
able via anonymous ftp at AIUB2.
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